Upon exocytosis, synaptic vesicle proteins are released into the plasma membrane and have to be retrieved by compensatory endocytosis. When green fluorescent protein-labeled versions of the vesicle proteins synaptobrevin-2 and synaptotagmin-1 are overexpressed in rat hippocampal neurons, up to 30% are found on axonal membranes under resting conditions. To test whether and to what extent these plasma membrane-stranded proteins participate in exo-endocytic cycling, a new proteolytic approach was used to visualize the fate of newly exocytosed proteins separately from that of the plasma membrane-stranded ones. We found that both pools were mixed and that endocytosed vesicles were largely composed of previously stranded molecules. The degree of nonidentity of vesicular proteins exo-and endocytosed depended on stimulus duration. By using an antibody to the external domain of synaptotagmin-1, we estimated that under physiological conditions a few percent of vesicular proteins were located near the active zone, from where they were preferentially recycled upon stimulation.
Following neurotransmitter release, clathrin-mediated endocytosis is thought to be the major pathway for synaptic vesicle recycling [1] [2] [3] [4] . Alternatively, a fast 'kiss and run' mechanism, whereby vesicles connect only briefly to the plasma membrane without full collapse [5] [6] [7] [8] , might retrieve vesicular components more efficiently. In addition, a slow pathway via large infoldings and endosomes 9 may contribute to recycling.
Most of our knowledge of the kinetics of stimulated endocytosis in synaptic boutons comes from experiments using the fluorescent vesicle marker FM1- 43 (refs. 7,10-13) and synapto-pHluorin (spH), a fusion construct of the vesicle protein synaptobrevin/VAMP-2 with a pHsensitive green fluorescent protein (GFP) variant 8, 14, 15 . However, neither technique allows us to distinguish between different molecular mechanisms of membrane retrieval.
When visualizing the redistribution of enhanced GFP (eGFP)-tagged clathrin in hippocampal boutons 16 , it was found that stimulation leads to a transient increase of fluorescence in boutons, with decay kinetics notably similar to previous estimates of the endocytic time course. However, the increase in fluorescence is preceded by a long delay, suggesting that endocytosis during the first few seconds of continuing stimulation is not mediated by the slow (B10 s) formation of clathrincoated pits 17, 18 . The rate of endocytosis, however, is fastest for short stimuli 15 . One likely interpretation is that the early phase of endocytosis does not depend on clathrin, but is of the 'kiss and run' type.
An alternative explanation, however, could be a pool of preassembled 'ready to go' coats at the periphery of the active zone, supporting a first wave of endocytosis. Such a first wave of endocytosis, via coated vesicles and lasting for only 10 s, has been observed in the first reconstruction of the time course of synaptic endocytosis obtained from electron micrographs of frog neuromuscular junctions quickfrozen at different time points after stimulation 19 .
What distinguishes both scenarios fundamentally is the molecular identity of vesicles exo-and endocytosed by the same stimulus. Maintaining molecular identity is the hallmark of a kiss and run type of mechanism, whereas nonidentity would be the essential feature and kinetic advantage of a preassembled pool at the periphery of the active zone.
Indeed, up to 30% of the synaptic vesicle protein spH is present on the external bouton membrane of transfected hippocampal neurons 20 . Immuno-electronmicroscopy has revealed that endogenous synaptobrevin is also present in the synaptic membrane, at a density that is only three times lower than that in synaptic vesicles under resting conditions 21 . Exocytosed spH and synaptobrevin-eGFP disperse into the axonal plasma membrane during synaptic stimulation 20, 22 , prompting the question of whether this stranded plasma membrane pool of spH participates in synaptic vesicle retrieval during exo-and endocytosis.
Here we tested whether the same molecules that are exocytosed are retrieved during compensatory endocytosis. We introduced a tobacco etch virus (TEV) protease cleavage site between the synaptobrevin and GFP moieties. This site is only accessible to external enzyme if this protein is in the plasma membrane. This TEV motif-containing spH (spH-TEV) behaved identically to the original spH. We found that mostly digested molecules were recycled during compensatory endocytosis-that is, synaptobrevin molecules deposited on the plasma membrane before digestion. Identical results were obtained with a synaptotagmin-1-pHluorin construct. We conclude that most recycling synaptic vesicles lose their protein complement during exocytosis. By using an antibody to the external domain of synaptotagmin-1, we estimated that under physiological conditions a small percentage of vesicular proteins are located near the active zone, constituting a pool of preferentially recycled molecules. A stimulus of 30-40 action potentials led to the compensatory endocytosis of about 5-10 vesicles, which is remarkably close to the number of vesicles in the readily releasable or docked pool of vesicles that are rapidly released by a similar number of action potentials (ref. 23) .
RESULTS

Tracking the fate of vesicular proteins after fusion
Overall endocytic activity can be measured with spH, a fusion construct of the vesicle protein synaptobrevin and a pH-sensitive form (pHluorin) of GFP (ref. 15) . The pHluorin in the acidic vesicle lumen is dequenched upon exocytosis, and reacidification of endocytosed vesicles is accomplished within about 5 s (ref. 24) . Up to 30% of spH is present on the external axonal membrane of transfected hippocampal neurons (ref. 20 and Fig. 1a,b ), regardless of the absolute level of spH expression.
To test whether synaptic vesicles maintain their identity with respect to their protein composition during exo-endocytic cycling, we introduced a TEV protease cleavage site between the VAMP and GFP moieties that is only accessible to external enzyme if spH-TEV is in the plasma membrane. Like spH, spH-TEV was specifically targeted to synaptic boutons. It colocalized with the synaptic activity marker FM5-95 (Fig. 1a) , and fluorescence transients upon stimulation with 200 action potentials were indistinguishable from those obtained with spH (Fig. 1b) . As found for spH, up to 30% of spH-TEV was found on the plasma membrane of boutons at rest, as revealed by fluorescence quenching by short superfusion with an acidic solution of pH 5.5 ( Fig. 1b right, and first two images in Fig. 1c) . For investigating the fate of vesicular SNAREs after fusion, the plasma membrane pool of spH-TEV, which normally masks the spatiotemporal dynamics of vesicular SNARES during stimulation, was almost completely fluorescently 'silenced' by exposure to TEV protease for 15 min (Fig. 1c) .
Vesicular proteins are lost after fusion
When axons expressing spH-TEV were stimulated, postdigest boutons lit up as vesicular spH-TEV was dequenched upon vesicle fusion (Fig. 2a, left) . For analysis of the spatiotemporal dynamics of vesicular spH-TEV, we created a maximum projection image in which each pixel contained the maximum value over all images in the stack at that particular pixel; we drew a line of interest (LOI) along an axonal stretch and for each image plotted the fluorescence along this LOI for a width of 3 pixels (615 nm) in a kymograph image (Fig. 2a, right) . Superfusion with acidic (pH 5.5) solution after digestion revealed that most spH-TEV in the plasma membrane had been digested (some spH-TEV became stranded again during the protease washout period). Upon stimulation, vesicular spH-TEV dequenched and, we were surprised to find, spread quickly in the axonal plasma membrane; this can be easily seen by comparing spatial (horizontal) and temporal (vertical) profiles of the kymograph at different times and distances (Fig. 2b,c) . Because the fluorescence increase in axonal segments was not substantially delayed from the bouton signals (Fig. 2c) , it is likely that vesicular SNARES diffuse rather freely in the plasma membrane. After stimulation, vesicular SNAREs were retrieved and quenched by endocytosis in the boutons only, with maybe some accumulation of exocytosed spH-TEV remaining at the periphery of the boutons at t ¼ 95 s (Fig. 2b , compare blue and green profile).
Vesicular proteins exo-and endocytosed are not identical Notably, recovery of the spH-TEV transients in the three boutons depicted appeared to be incomplete after digestion (Fig. 2c) , as opposed to that of the transients before digestion (Fig. 1b) . Thus, we next analyzed the recovery of fluorescence transients in a given set of boutons before and after digestion, upon stimulation with 100 action potentials (Fig. 3) . Digestion with TEV protease increased the relative amplitude (DF/F 0 ; that is, the change in fluorescence over initial fluorescence), as expected, but not the absolute amplitudes ( Supplementary Fig. 1 online) , and indeed led to incomplete recovery (40.1% at 58 s after stimulus end) of fluorescence transients (Fig. 3a,b) . Because vesicular proteins, once released, tend to diffuse away from the release sites (Fig. 2) , a likely explanation is that during compensatory endocytosis, a portion of the plasma membrane-stranded spH-TEV has been retrieved, instead of the spH-TEV released during stimulation. Before digestion, plasma membrane-stranded spH-TEV will contribute equally to the dequenching signal during reacidification of endocytosed vesicles; however, after digestion, these stranded spH-TEV were fluorescently silent (Fig. 3b) .
To test this hypothesis, we first restored the relative stoichiometry of molecules in the synaptic vesicles and the plasma membranes that had been subjected to proteolysis, by turning over the recycling pool of synaptic vesicles with a prolonged train of action potentials (800 action potentials at 5 Hz) in the same set of boutons and then stimulating again with 100 action potentials. Indeed, the transient nature of the spH signals was fully recovered (Fig. 3c) . Thus, it seems that the majority of synaptic vesicles lose their molecular identity during exoand endocytic cycling. Alternatively, our results can be explained if we assume that synaptic vesicles do indeed maintain their molecular identity in raft-like structures that diffuse slowly to the periphery of the active zone, but are internalized during another round of stimulation. Digestion would render such membrane patches fluorescently silent, thereby leading to incomplete fluorescence recovery if these patches at endocytic sites are retrieved preferentially over those freshly inserted at the release sites.
Degree of nonidentity depends on stimulus duration
If the degree of recovery reflects the amount of vesicular spH-TEV released relative to the amount of stranded spH-TEV, it should depend on the stimulus duration. Indeed, a stimulus of 200 action potentials yielded substantially more recovery (50% at 58 s after stimulus end) of the transients after digestion (Fig. 3c, inset) . However, different degrees of recovery for differing ratios of vesicular and stranded spH-TEV may also be a consequence of a competition between cleaved and noncleaved forms of spH-TEV for binding at sites of endocytosis. In fact, the cleaved form lacking the 27-kDa pHluorin moiety may be preferentially retrieved for steric reasons.
To test this, we sought to silence the fluorescence of the stranded pool by selective photobleaching 8 , using repeated laser scanning at high intensity to minimize bleaching time and thereby any turnover by spontaneous release. By using sequential pulses of acidic and high ammonium solution, we indeed found that bleaching of unquenched stranded spH-TEV was about tenfold as effective as that of quenched vesicular spH-TEV (Fig. 4a,b) . We next stimulated spH-TEV-expressing boutons (n ¼ 4 experiments, 450 boutons each) with 200 action potentials at 20 Hz, before and after bleaching as well as following mixing after bleaching (with 800 action potentials at 5 Hz). Qualitatively and quantitatively, the same results were obtained as for digestion (Fig. 4c-e,  Fig. 3c inset, and Supplementary Fig. 2 online) . This demonstrates that neither the protease treatment nor the presence of the large pHluorin moiety affects synaptobrevin recycling or rates of endocytosis.
Nonidentity is also observed for synaptotagmin-1 Is the observed nonidentity, with respect to synaptobrevin, of exo-and endocytosed vesicles specific to this protein, or are other vesicle proteins also lost after fusion? To answer this question, we constructed a chimera of a signal sequence-tagged pHluorin fused to the lumenal N terminus of synaptotagmin-1 bridged by a TEV protease cleavage site (sytpH-TEV). The sytpH-TEV chimera was properly targeted to presynaptic vesicles (Fig. 5) and colocalized with other presynaptic vesicle proteins (data not shown).
Electrical stimulation gave rise to stimulation-dependent fluorescence transients at synaptic boutons, indistinguishable from spH-TEV responses (Fig. 5d) . Similar to that found for spH-TEV, acid quenching and alkalinization of the vesicular lumen with ammonium revealed that 23.9 ± 5.6% of sytpH-TEV was stranded (n ¼ 3 experiments, 450 boutons each) (Fig. 5b) . When most of the plasma membranestranded sytpH-TEV was silenced by protease treatment (Fig. 5c) , stimulation produced, as expected, fluorescence transients that only partially recovered (Fig. 5d) . After mixing stranded and vesicular pools by stimulation with 800 action potentials at 5 Hz, transients once again recovered completely in the same set of boutons (Fig. 5d) . For both spH-TEV and sytpH-TEV, the sizes of the stranded pools were similar and the degree of recovery after digestion was the same (Fig. 5d) for a given stimulus protocol (here 200 action potentials at 20 Hz). Thus, the loss of vesicle proteins is a more general property of fusing synaptic vesicles.
Stranded pool size is under modulatory control
Interactions between pairs of synaptic vesicle proteins can play a role in synaptic vesicle biogenesis 25 . Synaptobrevin/VAMP-2 forms a complex on the synaptic vesicle membrane with synaptophysin-1 (ref. 26) . Therefore the change in the stoichiometry of vesicular proteins by . Thus, to control for a potential overexpression artefact, we cotransfected spH along with synaptophysin-mRFP (Fig. 6a) . Synaptophysin-eGFP has successfully been used as a synaptic vesicle marker 28 , so regions with overlapping green (spH-TEV) and red (synaptophysin-mRFP) fluorescence indicate the locations of presynaptic boutons. This did not abolish targeting of a substantial fraction of spH-TEV to the plasma membrane; however, it resulted in an about threefold change of the vesicular membrane-to-plasma membrane distribution ratio (percent stranded spH-TEV ± s.e.m., control 33.2 ± 0.9, + Syp 10.1 ± 0.8; n ¼ 3 and 5 experiments, respectively) (Fig. 6b) . Accordingly, the relative amplitudes of fluorescence transients upon stimulation (F/F 0 ) were increased (also about threefold) when synaptophysin-mRFP was coexpressed ( Fig. 6c, left) . But both the absolute fluorescence intensity of synapses during ammonium application, a measure for the total expression of spH-TEV in boutons, and the size of the absolute amplitudes after stimulation with 200 action potentials were unchanged when both synaptophysin-mRFP and spH-TEV were overexpressed (total expression levels in arbitrary units ± s.e.m. were 1,006 ± 177 in control and 905 ± 156 in + Syp; absolute amplitudes in arbitrary units ± s.e.m. were 127 ± 32 in control and 88 ± 23 in + Syp; n ¼ 3 experiments for control, 5 for synaptophysin coexpression, 450 boutons each). This suggests that the number of spH-TEV copies per vesicle is similar for both conditions. Peak-normalized signals, however, revealed that the degree of recovery was slightly larger in the presence of synaptophysin-mRFP (Fig. 6c, right) . These data suggest that the stoichiometry of proteins inside vesicles is almost independent of the relative expression levels-that is, only a certain number of 'slots' can be occupied by each protein species per vesicle. But the relative steady-state concentrations of vesicular proteins stranded in the bouton membrane are modified by the retrieval efficiency for a given protein species 29 . This also identifies vesicle formation at the bouton plasma membrane as a major sorting step in synaptic vesicle recycling and biogenesis. Although overexpression of spH-TEVor sytpH-TEV alone obviously leads to artificially increased pools of plasma membrane-stranded proteins, the existence of a pool of a small percentage of all vesicular components at the bouton membrane may be of high functional significance. To test this more rigorously, we sought to assess the sizes of vesicular and putative plasma membrane-stranded pools in the absence of any overexpression. To this end, we used a polyclonal antibody to the ecto-or luminal domain of synaptotagmin-1 (ref. 30 ). Incubation of living neurons (nonpermeabilized) with this antibody at 4 1C in saline with 1 mM tetrodotoxin (TTX) and without calcium indeed yielded specific staining of synaptic boutons (Fig. 6d,  top) , albeit with weak fluorescence intensities when compared to the signals obtained with the same primary and secondary antibodies after fixation and permeabilization (Fig. 6d, bottom) . Although we cannot fully rule out antibody uptake by spontaneous activity during the staining procedure for nonpermeabilized cells, the fluorescence intensity profiles along axons with specific staining at interconnecting axon segments (note that the feeding glial cell layer is not stained) suggest that a measurable fraction of vesicular proteins are stranded at the plasma membrane under native conditions as well. The measured levels of about 10 and 80 fluorescence arbitrary units for nonpermeabilized and permeabilized conditions (10.6 ± 0.9 arbitrary units for unpermeabilized cells, 6 images with 450 boutons each, and 83.9 ± 5.9 arbitrary units for permeabilized cells, 8 images with 450 boutons each) (Fig. 6e) , however, may be misleading because epitope accessibility may be very different and because of some possible spontaneous activity even at 4 1C.
A 'readily retrievable pool' of vesicles?
Our data show that vesicular proteins are lost after fusion and diffuse away from sites of release. This raises the question of whether vesicular proteins after fusion freely mix with the fraction of vesicular proteins stranded at the plasma membrane, or whether the stranded proteins are actually preferentially retrieved during compensatory endocytosis. In the latter case, stranded vesicle proteins might constitute a 'readily retrievable pool' of partially preassembled structures that are preferentially endocytosed upon exocytosis.
To test this, we stimulated boutons after digestion with different numbers of action potentials and assessed the retrieval efficiencies of freshly exocytosed proteins by measuring relative recovery (that is, relative to recovery after mixing) at a time when most endocytic activity has ceased but errors due to focus or bouton drift or bleaching should still be minimal (Fig. 7) . If stranded proteins were indeed preferentially retrieved, a plot of relative recovery versus the number of action potentials should intercept the abscissa at a positive number of action potentials. The corresponding number of vesicles would be the size of the preferentially retrieved or readily retrievable pool. Our measured relative recoveries slightly favor the existence of a preferentially retrieved pool of stranded proteins. For 40 action potentials, we found virtually no recovery after digestion (Fig. 7, inset) , although there may have been some recovery when synaptophysin-mRFP was coexpressed (open circle in Fig. 7 , Supplementary Fig. 3 online) . The slight slow downward trend of the signal may reflect, however, sources other than specific uptake by compensatory endocytosis, such as focus drift, bleaching, diffusional spread and so on. The finding that relative recoveries plateaued for high numbers of action potentials is in agreement with the finding that synaptic vesicle turnover reaches a maximum at about 200 action potentials (ref. 31 ). In addition, because of endocytosis during stimulation 32 , the peak fluorescence at the end of the stimulus is increasingly underestimated for longer stimuli, leading to an underestimation of relative recovery. This may explain why we observed an even smaller recovery (albeit only slightly so) for 400 action potentials than for 200 action potentials.
DISCUSSION
We tested whether synaptic vesicles lose their identity with respect to their protein composition during stimulus-evoked exo-and endocytosis, using a fusion construct of the vSNARE synaptobrevin with the pH-sensitve GFP variant pHluorin (synapto-pHluorin). We introduced a TEV protease cleavage site between both moieties that was accessible only if spH-TEV was in the plasma membrane. We found that mostly digested molecules (that is, spH deposited on the plasma membrane before digestion) were recycled during compensatory endocytosis. This suggests that synaptic vesicles that are recycled by compensatory endocytosis lose their protein complement during exocytosis (Figs. 1-3 and 5) , making it essential that a sorting step occurs during and maybe also after endocytosis (that is, by an endosome). Whereas cotransfection with synaptophysin-mRFP affected spH-TEV targeting to the plasma membrane, there appeared to be a small pool of stranded synaptic vesicle components under native conditions also (Fig. 6) , from which new vesicles were retrieved preferentially (Fig. 7) . Because the large pHluorin moiety did not affect vSNARE recycling or rates of endocytosis, this preferential endocytosis of stranded vesicle proteins cannot be attributed to sterical hindrance (Fig. 4) . The existence of a surface population of vesicle proteins is in agreement with previous studies that showed the expression of synaptobrevin in hippocampal neurons, which was interpreted as a result of either small inefficiencies during retrieval 16, 22 or ectopic recycling during synaptogenesis 33, 34 . The delivery of synaptic vesicle proteins like synaptotagmin to the plasma membrane may be important during development 30 , during synaptic vesicle biogenesis and for functional maintenance of mature synapses.
Here we show that this surface-stranded pool actively participates in exo-and endocytic synaptic vesicle cycling. The pool was depleted by stimuli of more than 40 action potentials (Fig. 7) . Notably, it has been shown that a stimulus of 40 action potentials at 20 Hz also depletes the readily releasable pool of docked vesicles, comprising about 5-10 vesicles 23, 35 . Thus, the readily releasable pool of vesicles may be counterbalanced by a readily retrievable pool of preassembled endocytic structures (Fig. 7) . Results from experiments in which both synaptophysin and spH-TEV were overexpressed, however, argue that the size of the stranded pool of vSNARES is highly overestimated in our measurements relying on the overexpression of spH-TEV or sytpH-TEV. On the other hand, the 'stranded' pool size measured with acidic and ammonium solution pulses (Figs. 1 and 5 ) may not be identical to the 'functional' retrievable pool size measured by determining the stimulus yielding zero recovery (Fig. 7) . In fact, with about 200 vesicles per bouton 23 , a stranded pool of 30% should correspond to 60 vesicles, whereas a functional retrievable pool of 5-10 vesicles would correspond to 2-5% fluorescence on the bouton membrane only-that is, less than our synaptotagmin immunocytochemistry data indicate to be present under native conditions (Fig. 6d,e) . Thus, overexpression of one vesicle protein species may merely result in an oversupply of stranded or orphan proteins without changing the functional retrievable pool size. This is supported by our finding that coexpression of synaptophysin markedly decreased the steady-state stranded pool of spH-TEV (Fig. 6b) , but did not affect the number of spH-TEV molecules per vesicle, nor the number of vesicles released during stimulation (Fig. 6c) , and only slightly altered retrieval kinetics and recovery efficiency (Fig. 7) . Likewise, in presynaptic boutons of the temperature-sensitive Drosophila dynamin mutant shibire, which was kept at a nonpermissive temperature to block synaptic vesicle endocytosis, dispersion of excess synaptic vesicle molecules in the plasma membrane by lateral diffusion did not alter the spatial organization of the endocytic machinery 36, 37 . Thus the endocytic machinery at sites of retrieval may define the size of the functional stranded pool as opposed to that of the total stranded pool, which may also comprise excess or orphan cargo molecules. We found that a stimulus of 40 action potentials resulted in almost complete diffusional loss of vesicle proteins after fusion; this makes for an attractive hypothesis-namely, that a small pool of readily retrievable vesicle patches exists near the active zones of small CNS synapses under native conditions. It has been shown that the rate of endocytosis is fastest for this stimulus 16 . A readily retrievable pool could nicely explain a first, fast and depletable endocytic component at synapses without having to postulate a clathrin-independent mechanism like kiss and run. Such a pool of presorted or preassembled endocytic structures could also explain the fact that the first peak of endocytic pits occurs at 10 s in the frog neuromuscular junction, a finding from the electron microscopic reconstruction of the endocytic time course at this site 10 . It has been suggested that for the stimulus of 40 action potentials, kiss and run is the dominant mechanism of vesicle retrieval 7, 38 . Because molecular identity is the major hallmark of kiss and run recycling, our data argue for full collapse of all fusing synaptic vesicles during stimulation with 40 action potentials. If, however, reacidification was much faster than has been recently reported (B5 s; ref. 24) , kiss and run events might add only to the noise in the rising phase of our averaged fluorescence signals (Fig. 7, inset) and would thus go mostly undetected. But even then, one would expect to observe a sharp decrease in the averaged fluorescence after the last action potential of the stimulus, reflecting the kiss and run events triggered by the last few action potentials. We detected no such fluorescence drop (Fig. 7, inset) .
Our observations are best explained by a model in which synaptic vesicles fully collapse after fusion and vesicle proteins disperse in the bouton membrane and are rather slowly re-sorted at specialized sites of endocytosis, which might be located at the periphery of the bouton. Alternatively, vesicles after collapse may form raft-like patches 25, 39, 40 that slowly diffuse in toto to sites of retrieval. In fact, it has been reported 8 that after photobleaching of the membrane-stranded spH pool, single exo-endocytic events are characterized by fluorescence increases and decreases of the same size, implying that all exocytosed spH molecules of a single vesicle stay together, irrespective of whether they are retrieved fast (o1 s, kiss and run) or slowly. This is contrary to our findings of fast diffusional dispersal and preferential uptake of bleached/cleaved spH for stimuli of less than 40 action potentials.
We think, however, that our finding of fast diffusion after fusion in all directions, also observed previously 16, 22 , favors dispersion and free mixing of vesicular and bouton membrane components. During one exo-endocytic cycle, initially only the presorted membrane patches at these specialized sites of endocytosis would be retrieved by compensatory endocytosis, leading to the observed nonidentity of exocytic and endocytic vesicles as long as the presorted pool was not depleted-that is, for stimuli of less than 40 action potentials. For prolonged stimulation, a mixture of fast retrieval of presorted structures and slow retrieval of newly inserted vesicle components was observed, resulting in progressively slower endocytic kinetics with stronger or longer stimuli 16 .
In non-neuronal cells, numerous stationary clathrin structures are often observed 19, 41, 42 . In presynaptic boutons, however, such clathrin structures have thus far not been detected. But spatial segregation of exocytic and endocytic sites in presynaptic boutons has been observed (see ref. 43 for review). In Drosophila neuromuscular junction 36, 44, 45 , for example, components of the endocytic machinery, like dynamin and a-adaptin, are highly enriched at 'hot spots' , indicating that the molecular players of the endocytic machinery are anchored at specialized sites and thereby act as spatial organizers of endocytosis. The future challenge will be to dissect the general principles of the exo-and endocytic spatial coordination and their tight temporal coupling. If it is not the exocytosed vesicle proteins themselves that trigger their own retrieval, how might this tight coupling occur? Maybe the arrival of new proteins in the periactive zone forces compensatory endocytosis of the readily retrievable pool. Alternatively, a physical link between membrane tension and endocytosis or the trigger for exocytosis-that is, a rise of intracellular calcium concentration-may couple compensatory endocytosis to exocytosis.
METHODS
Cell culture. Hippocampal neurons of the CA3/CA1 region from 1-to 3-d-old Wistar rats were prepared in a rather sparse culture (B2,000-5,000 cells per coverslip) and transfected at 4-6 days in vitro (DIV) by a modified calcium phosphate transfection procedure 46 . Microscopy was performed at 14-16 DIV. The synaptotagmin-1-TEV-pHluorin (sytpH) expression construct was made by first fusing the rTEV target site flanked by spacer arms (amino acid sequence DYDIPTTENLYFQGELKTVDAD) to rat synaptotagmin-1. In a second step, the cDNAs encoding the signal sequence of rat preprotachykinin and the pHluorin were fused to the amino-terminal domain of the construct 29 .
Monomeric red fluorescent protein 47 was used to replace eGFP in a plasmid encoding for a GFP-tagged p38 (ref. 28 ; gift of A. Iliev, European Neuroscience Institute, Göttingen, Germany) to generate the synaptophysin-mRFP construct.
All constructs were cloned into a modified version of the pcDNA3 expression plasmid (Invitrogen) carrying a neuron-specific human synapsin-1 gene promoter 48 (obtained from S. Kügler, University of Göttingen, Germany) and were verified by dideoxynucleotide sequencing.
Enzymatic tag removal. Proteolytic cleavage was performed at room temperature (23 1C) by adding 60 U AcTEV protease and 1 mM dithiothreitol (Invitrogen) directly to the living neurons for 15 min. The progress of cleavage was assayed by imaging the loss of fluorescence. After digestion, cells were washed for 2 min.
Immunocytochemistry. To assess the fraction of noninternalized surfacestranded synaptotagmin-1 (syt1), live neurons were labeled with monoclonal syt1 lumenal domain antibody (mouse monoclonal, ascites, 604.4, 1:100; Synaptic Systems) at 4 1C in nominally Ca 2+ -free solution in the presence of TTX and 4% goat serum for 1 h to allow for specific binding. Cells were washed, fixed with 4% formaldehyde (freshly prepared from paraformaldehyde) at 4 1C for 30 min, and stained with Alexa 546 secondary antibodies (1:1,000; Invitrogen).
For labeling the total pool of syt1, cells were fixed, permeabilized with 0.4% saponin (Sigma) and labeled with the primary and secondary antibodies as above. Images were acquired using equal light exposure times for both conditions.
Epifluorescence and confocal microscopy of living neurons. A modified Tyrode solution (150 mM NaCl, 4 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, 10 mM HEPES buffer, pH 7.4) was used for all experiments unless otherwise indicated. Synaptic boutons were stimulated by electric field stimulation (platinum electrodes, 10-mm spacing, 1-ms pulses of 50 mA and alternating polarity); 10 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 50 mM D,L-2-amino-5-phosphonovaleric acid (AP5) were added to prevent recurrent activity. Fast solution exchanges were achieved by a piezo-controlled stepper device (SF77B, Warner Instruments) using a three-barrel glass tubing. Ammonium chloride solution (pH 7.4) was prepared by substituting 50 mM NaCl in normal saline with NH 4 Cl, while all other components remained unchanged. Acidic solution with a final pH of 5.5 was prepared by replacing HEPES with 2-[N-morpholino]ethane sulphonic acid (pK a ¼ 6.1).
In some experiments, recycling synaptic vesicles were additionally labeled with FM5-95 (Invitrogen). Cells were exposed to 10 mM FM5-95 during and for 1 min after stimulation and washed for 10 min before imaging.
Images were taken by a cooled slow-scan CCD camera (SensiCam-QE, PCO) mounted on an inverted microscope (Axiovert S100TV, Zeiss) with a 63Â, 1.2 NA water-immersion objective and an eGFP filter set (DCLP 505, BP 525/50). PHluorins were excited at 470 nm with a computer-controlled monochromator (Polychrom II, Till Photonics) every 2 s for 500 ms. FM5-95 was excited at 515 nm and imaged using 565 nm dichroic and 590 nm long-pass emission filters. Photobleaching was performed by repetitive laser scanning at 488 nm for 90 s (SP2 confocal microscope, Leica).
Quantitative analysis was performed with self-written macros in Igor Pro (Wavemetrics). To avoid the bias introduced by manual selection of functional boutons, an automated detection algorithm was used. The image from the time series showing the maximal pHluorin response during stimulation was subjected to an à trous wavelet transformation with the level k ¼ 4 and detection level l d ¼ 1.0 (ref. 49) , resulting in a segmented mask image. Spots on mask images, each representing putative functional boutons, were identified, and only masks with areas between 4 and 20 pixels were accepted for calculating bouton fluorescence transients. All identified masks and calculated time courses were visually inspected for correspondence to individual functional boutons.
Note: Supplementary information is available on the Nature Neuroscience website.
